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High-quality BaTiO3 epitaxial thin films on MgO substrates have been grown by pulsed-laser
deposition. Both, c-axis and a-axis BaTiO3 orientations were studied. Mach–Zehnder optical
waveguide modulators with a fork angle of 1.7° have been fabricated by ion-beam etching. The
waveguides are of the ridge type, the BaTiO3 thickness is 1 mm, the ridge step 50 nm, and the width
2 mm. Light was coupled into the waveguides from optical fibers. The BaTiO3 waveguide
propagation losses are 2–3 dB/cm. Electrodes of 3 mm length were deposited besides the
waveguides. Electro-optic modulation has been demonstrated with Vp56.3 V at 632 nm
wavelength and Vp59.5 V at 1550 nm wavelength for the a-axis samples, and with Vp58 V at 632
nm wavelength and Vp515 V at 1550 nm for the c-axis samples. Theoretical modelling of the
Mach–Zehnder modulators for both crystalline orientations of the BaTiO3 films gave the Pockels
coefficients r51580 pm/V for the c-axis film and an effective Pockels coefficient reff5734 pm/V for
the a-axis films at 632 nm wavelength. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1498151#The realization of thin film electro-optical devices is of
strong scientific and technological interest. BaTiO3 ~BTO! is
an attractive candidate for thin film electro-optic switches
due to its large electro-optical coefficients,1 its high optical
transparency, and its favorable growth characteristics.
Straight channel waveguide phase modulators made from
BTO grown by metalorganic chemical vapor phase deposi-
tion ~MOCVD! have been reported by Gill et al.2 In contrast,
we have used a much more rapid process, the pulsed-laser
deposition ~PLD!. High quality single crystalline films of
BTO with the c-axis or the a-axis oriented vertical to the
surface have been grown on MgO substrates.3,4 For c-axis
films ~a-axis in-plane!, we used a laser power of 1100 mJ/
pulse and a MgO substrate temperature of 800 °C. a-axis
films ~c-axis in-plane! were formed using a reduced laser
power of 300 mJ/pulse and a substrate temperature of
850 °C. The growth rate was around 4 nm/s. Atomic force
microscopy ~AFM! showed smooth film surfaces of 1.1 nm
rms roughness, which is needed for waveguides of low scat-
tering losses. The propagation losses of the planar
waveguides are 2 dB/cm for the c-axis films and 3 dB/cm for
the a-axis films at 633 nm. Mach–Zehnder waveguide
modulators have been patterned using optical lithography
and ion-beam etching. The BTO waveguides for these ex-
periments have been patterned ‘‘as grown’’ without addi-
tional poling steps. The waveguides are of the ridge type, 2
mm wide, with a ridge step height of 50 nm on a 1-mm-thick
BTO film. They allow propagation of a single optical mode
both at wavelengths of 633 nm and 1550 nm. A lithographic
lift-off process with subsequent deposition of a metal layer
of 10 nm Cr and 90 nm Au was used to prepare the elec-
trodes. The length of the electrodes is 3 mm and the distance
between adjacent electrodes is 10 mm. The modulator input
and output faces have been cleaved.
According to finite element calculations, a ridge of 2 mm
width with a height of less than 50 nm on a 1 mm BTO
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Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tothin-film is a single mode waveguide at a wavelength of 633
nm. The geometry of the Mach–Zehnder modulator and the
profile of the waveguides are presented in Fig. 1.
For a c-axis BTO thin-film, the optical axis is perpen-
dicular to the plane of the film. BTO is an uniaxial dielectric
crystal. Taking into account the linear electro-optic effect
~Pockels effect! produced by an applied electric field along
the x-axis and neglecting the elasto-optic effect, the imper-
meability tensor of the BTO crystal h5«0«21 in contracted
notation is
hBTO5S ho 0 r51Ex0 ho 0
r51Ex 0 he
D ,
with ho51/no
2
, he51/ne
2
, no and ne being the ordinary and
the extraordinary refractive index.
We have used the Jones matrix formalism to evaluate the
devices. The impermeability tensor may be diagonalized5 by
a rotation of w around the y-axis
FIG. 1. Geometry of a c-axis type modulator and cross section of a strip
waveguide. The spacing between adjacent electrodes is 10 mm, their length
is 3 mm. For the a-axis modulators the z-axis ~optical axis! is included in
the sample plane and the y-axis is perpendicular to the plane.5 © 2002 American Institute of Physics
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2AS 1
no
2 2
1
ne
2D 14r512 Ex2G J . ~1!
This leads to
hBTO8 5S ho1r51Ex tan w 0 00 ho 0
0 0 he2r51Ex tan w
D . ~2!
Using Dnii.2 (ni3/2) Dnii with i51,2,3 we obtain the
new refractive indices in the presence of the electric field:
nx85no2
no
3
2 r51Ex tan w ,
~3!
ny85no , nz85ne1
ne
3
2 r51Ex tan w .
The phase retardation due to the natural and induced
birefringence for the first arm of the Mach–Zehnder modu-
lator ~the arm under the influence of the external applied
electric field! is given by
G15
2pl
l
~nx82nz8!
5
2pl
l Fno2ne2 14 ~no31ne3!
3S 1
ne
2 2
1
no
2 2AS 1no2 2 1ne2D 14r512 Ex2D G . ~4!
For the second arm, the phase retardation is given the
natural birefringence of the film:
G25
2pl
l
~nx82nz8!5
2pl
l
~no2ne!. ~5!
The Jones vectors after propagation through the modu-
lator arms are given by
J15R~2w1!W0
1R~w1!J0 12 , ~6!
J25R~2w2!W0
2R~w2!J0 12 , ~7!
where
R~w!5S cos w sin w
2sin w cos w D
is a matrix operator that performs a coordinate transforma-
tion,
J05S cos csin c D
is the Jones vector of the incoming light, ~c50 for trans-
verse electric ~TE! polarization on the input!,
W0
1,25S e2iG1,2 00 eiG1,2DDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tois the Jones matrix for retardation plate, upper indices denot-
ing the first and the second arm of the Mach–Zehnder de-
vice, respectively.
After the interference of the two beams, the output Jones
vector is
J5J11J25S ATEATMD .
The output intensity is I5uATEu21uATMu2.
For the a-axis oriented films Mach–Zehnder modulators
the electric field is applied in the direction of the optical axis
and the impermeability tensor in the presence of the electric
field has a diagonal form
hBTO5S ho1r13Ez 0 00 ho1r13Ez 0
0 0 he1r33Ez
D ,
r13 and r33 being the Pockels coefficients and Ez the applied
electrical field (Ex5Ey50).
The phase retardation for the arm under the influence of
the external applied electric field of the Mach–Zehnder
modulator is given by
G15
2pl
l
~nx2nz!
5
2pl
l F ~no2ne!1 12 ~ne3r332no3r13!EzG . ~8!
For the second arm the phase retardation is
G25
2pl
l
~nx2nz!5
2pl
l
~no2ne!. ~9!
Therefore, the Jones matrices for retardation plate are
W0
1,25S e2iG1,2 00 eiG1,2D ,
upper indices denoting the first or the second arm of the
Mach–Zehnder device. J15W0
1J in 12, J25W0
2J in 12 are the
Jones vectors after propagation of the polarized light through
the first or second arm of the modulator. The output Jones
vector is
Jout5J11J25S A1A2 D ,
where A1 and A2 are complex numbers.
The intensity of the output light is given by
Iout5uA1u21uA2u2
5U12 ei p,/l[(ne2no)2 12 reffEz]1 12 ei p,/l(ne2no)U
2
, ~10!
where we have defined an effective Pockels coefficient as
reff5ne
3
r332no
3
r13 .
The experimental setup for the electro-optic measure-
ments includes a He-Ne laser ~633 nm! or a laser diode at
1550 nm that is coupled into a single mode fiber. A fiber
polarizer has been used for defining the polarization state of
the input light ~TE!. The light is end-fire coupled into the
waveguide. The output of the waveguide is coupled to an-
other single mode fiber, which leads to a silicon detector.
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to apply the voltage to the middle and to one outer electrode.
The transmitted optical intensity is measured as a function of
the applied voltage.
Experimental results for a c-axis modulator at 633 nm
wavelength are plotted in Fig. 2~a!. A modulation of 90% of
the intensity at a half wave voltage of 8 V has been mea-
sured.
The r51 Pockels coefficient at 633 nm wavelength has
been measured to be 86 pm/V. The numerical values no
52.349, ne52.324 ~at 633 nm! of the ordinary and extraor-
dinary refractive indices, respectively, have been determined
by a prism coupling setup.
The c-axis Mach–Zehnder modulators have been mea-
sured at 1550 nm wavelength as well. The results are shown
in Fig. 2~b!. The half wave voltage is 21 V if the device
operates in the range 46 to 67 V. The half voltage drops to 15
V in the range 67 to 82 V.
We have measured the modulation depth versus fre-
quency at 1550 nm by driving the device with a square wave
electrical signal of 21 Vpp ~at a bias of 46 V!. The result is
shown in Fig. 3. The performance is very stable over the
entire tested frequency range up to 1 MHz.
Identical experiments have been performed for a-axis
BTO modulators ~see Fig. 4!. The ordinary and the extraor-
FIG. 2. Intensity modulation of a c-axis film electro-optic thin-film Mach–
Zehnder modulator vs applied voltage. ~a! At 633 nm. ~b! At 1550 nm, the
dots are the measured data, the line is given by the theory.
FIG. 3. Modulation vs frequency ~21 Vpp modulating square signal, 46 Vdc
bias, 1550 nm light!.
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have been measured. A half wave voltage Vp56.3 V has
been measured at 633 nm @Fig. 4~a!#. For low modulating
fields ~up to 1.53106 V/m, U515 V! we find reff
5536 pm/V. For electric fields in the range from 23106 to
33106 V/m the value of this coefficient increases to reff
5734 pm/V. For high applied electric fields ~3.53106 to 5
3106 V/m! reff decreases again. The increase of reff for me-
dium fields may be explained by some poling of the film due
to the applied field. The decrease of reff for high applied
fields is probably due to leakage currents. At 1550 nm a half
wave voltage Vp59.5 V has been measured, with 99.1%
modulation depth, corresponding to a 20.5 dB extinction ra-
tio @see Fig. 4~b!#.
Both c-axis and a-axis Mach–Zehnder modulators are
polarization maintaining devices and operate with TE linear
polarized light.
In conclusion, thin-film Mach–Zehnder modulators from
ferroelectric BaTiO3 have been demonstrated. The measured
electro-optic performance is in good agreement with the
theory for both c-axis and a-axis crystals. The low Vp volt-
age at 1550 nm wavelength and the short electrodes ~3 mm!
make these BaTiO3 thin-film optical modulators attractive
candidates for practical application in optics communica-
tions.
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FIG. 4. Performance of Mach–Zehnder modulators made from a-axis films
at: ~a! 633 nm and ~b! 1550 nm. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
